Abstract-An efficient optical fiber-to-waveguide coupling technique is described, using a novel transcision cut, alignment ways, and D-shaped fibers. Fiber-to-waveguide coupling efficiencies as high as 96% have been achieved with multimode graded-index fibers and ridge polymer optical waveguides. Advantages of using this new coupling technique include ease of fiber-to-waveguide alignment interior to the substrate edge, passive coupling, and high coupling efficiency.
I. INTRODUCTION NOVEL coupling technique is described for efficiently
A coupling optical fibers to ridge polymer optical waveguides. Coupling optical fibers to optical waveguides quickly and efficiently continues to be a challenge in various applications. As packaging of multichip modules (MCM) with optical connections becomes more widespread, good coupling techniques between multimode optical fibers and waveguides are necessary [ 11. In MCM's, one might expect tens of optical couplings between devices on a module, or more likely, between modules. Optical connections offer the flexibility of high bandwidth signals to be delivered to, routed around and extracted from MCM's. The novel and efficient coupling approach described here allows optical signals to be delivered to and received from any place on the substrate to within a few hundred microns from the edge. Each coupling can be made quickly and efficiently, whereas the more typically implemented butt-coupling technique is considerably more difficult. Coupling using bare fibers allows a higher coupling density than connector coupling techniques and therefore may be a very economical approach to transferring optical signals. The work described here has been carried out using multimode dimensions for wavelengths of 633, 1000, and 1300 nm. However, promising results have also been achieved using a variation of this coupling technique for smaller singlemode waveguides at a wavelength of 1300 nm [2] . Since modal dispersion at multi-gigahertz frequencies in short multimode waveguides used in MCM's is slight [3] dimensions, therefore, are adequate for use on MCM's when optical waveguides are used for passive interconnects.
As acrylic polymers continue to be developed for optical transmission [4], [5] , efficient coupling designs to these materials need to be implemented. Since the couplings require micron precision, care must be taken while aligning the fiber with respect to the waveguide [6], [7] . In one recent approach [8] , the optical fiber for this coupling was formed into a D-shaped cross section to allow the ridge polymer optical waveguides to receive these fibers. The combination of decreasing waveguide losses and easier mechanical coupling of optical fibers to ridge polymer optical waveguides [9]-[ll] can provide a more efficient transfer of optical power from fibers to onchip waveguides [12] and various optical components. In the present work, we introduce a new improvement to the previous [8] coupling technique, which is shown schematically in Fig. 1 light to ridge polymer optical waveguides. The D-fiber is made from an optical fiber that is lapped with a cylinder perpendicular to the optical axis of the fiber. A Philtec Model 2015-C sectioner is used to fabricate the D-fiber. Glass is removed from the fiber to some depth h at the deepest point of the lapped region. By cleaving the fiber at this point, the endface of the fiber has a D-shaped cross section. The endface of a D-fiber is shown in Fig. 2 (a). White light is launched at the input to show the core region of the fiber. By lapping a depth equal to the fiber radius minus the core radius, the fiber's cladding is removed to the core in one direction perpendicular to the optical axis. To couple power into the waveguide, the flat region of the D-fiber is slid along the polymer waveguide's lower cladding surface until the endface of the optical fiber is in contact with the optical waveguide.
For this work, a 62.5-pm core and 125 pm overall diameter graded index fiber is used. Lapping the fiber to the core (h = 31.25 pm) positions the core of the D-fiber at the edge of the lapped region. The D-fiber fabricated for these experiments has an h value of 28 f 1 pm. The fiber is cleaved at the center of the lapped surface and the endface is polished with 0.3-pm diamond polishing paper. An interferogram of the endface after polishing is shown in Fig. 2(b) . The endface is inspected under 589 nm light (NaD line). The hazy fringe lines show that the endface is smooth to within 50 nm. 
ACRYLIC POLYMER OPTICAL WAVEGUIDE FABFUCATION
A silicon wafer is used as the substrate for the waveguides. The wafer is baked at 490°C for 1 h in air. The substrate is then cooled for thirty minutes and an adhesion promoter, 3-aminopropyltriethoxysilane 98% (Aldrich Chemical Co., Inc.), is spun on at 3500 rpm for 35 s. Then a layer of polymer blends used as the cladding layer (n M 1.49) for the waveguide is spun onto the substrate at 2500 rpm for 90 s at 22°C. The two primary resins in the blend are an aromatic (cyclic) acrylated epoxy and an aliphatic (noncyclic) urethane dimethacrylate. The spin coating gives a cladding layer thickness of approximately 40 pm. The cladding is then exposed with a lo00 W UV lamp for two minutes in a Nz environment with less than 500 ppm of oxygen at 760 torr. Next, another polymer blend layer with a slightly larger index of refraction (n M 1.55) is spun on at 1400 rpm for 90 seconds at 22OC for a layer thickness of 70 f 5 pm. Table I [ 13] shows the composition of the cladding and core layers. The sample is then exposed with a negative photomask for 7.5 min in air using the proximity printing method to realize the waveguides. Acetone is then used to rinse off the unexposed monomer. The waveguides and alignment-way structures [ 141 (which guide the optical Dfibers into position) are fabricated in this same step. An SEM micrograph of the waveguides and alignment ways is shown in Fig. 3 . Afterwards, the samples are annealed. The sample is raised in temperature linearly from 25-140°C over a period of 1 h. Then, the temperature is held at 140°C for 2 h. Finally, the sample is cooled at 2'C/min for 1 h to bring it back to room temperature. The annealing is thought to contribute to better adhesion between polymer layers and has been shown to increase the glass transition temperature of the polymers [ 131.
Iv. TRANSCISION COUPLING TECHNIQUE
The waveguides on each wafer are "transcisioned" at the input where the alignment ways are located. The transcision is a cut made perpendicular to the propagation axis of the waveguide to ensure that a planar endface exists on the end of each waveguide. Intimate physical contact between the D-fiber endface and the entrance aperture of the waveguide requires the waveguide to have a smooth endface perpendicular to the waveguide cladding surface. The transcision is made through the upper and lower polymer layers and may or may not extend into the silicon substrate. The transcision is made using a Tempress model 602 dicing saw. The waveguide's endface (found with the same technique used for the D-fiber endface) was smooth after sawing to within 0.3 pm. The kerf made by the saw is approximately 140-pm wide and 150-pm deep. This transcision can be made anywhere on the surface where the alignment ways are placed. The transcision produces a vertical endface on the optical waveguide (f0.75'). Also, the transcision cut does not interfere with the use of the alignment ways.
Coupling and waveguide losses can be found by taking insertion loss measurements, cutting the waveguide back using the dicing saw, and then taking more measurements. This process was continued by removing the sample of waveguides from the optical system for each consecutive cutback. The optical power in the waveguide decreases exponentially as a function of the distance along the length of the waveguide. This optical power loss function is apparent from experimental results. By graphing the losses on a dB scale, the waveguide's absorption and scattering losses are determined to be a linear function of waveguide length.
V. EXPERIMENTAL SET-UP
Light with wavelengths of 633, 1000, and 1300 nm is coupled into a graded-index multimode fiber for the experiments. At one end of the 1-m long fiber, a "D' shaped cross section is fabricated [8]. This D-fiber is inserted between two alignment ways on the cladding surface perpendicular to the kerf formed by the transcision until it is in contact with the polymer waveguide entrance aperture. An SEM micrograph of the entrance facet looking across the transcision is shown in Fig. 4(a) , and two alignment ways and a waveguide on the other side of the transcision is shown in Fig. 4(b) .
Insertion loss measurements are taken for the three wavelengths, with and without index matching fluid between the D-fiber and waveguide, and after each cutback. Insertion losses include the coupling loss of the D-fiber to the polymer waveguide, waveguide scattering losses, and waveguide absorption losses. The precise alignment of the D-fiber to the waveguide provided by the alignment ways is necessary for repeatable measurements. The silicon wafer with the waveguides is held placed between the optical D-fiber and the input facet of the optical waveguide. Six waveguides are used, three on each of two wafers, to measure insertion losses for dry and wet couplings as a function of waveguide length at three specific wavelengths of 633 nm, loo0 nm, and 1300 nm. The data presented in Fig. 5(a) -(f) represent the two wafers and the three wavelengths of light used. The waveguides are sawed with the dicing saw to the specific lengths so the endfaces for each measurement remain consistent throughout the experiment. The transcision at the input end for each waveguide remained undisturbed throughout the experiment while the cutbacks are carried out on the output end of the waveguides.
VI. COUPLING ANALYSIS
The average insertion loss difference between couplings with and without index matching fluid for all wavelengths and waveguides is 0.54 dB. This compares to the theoretical value of 0.36 dB due to two Fresnel reflections. The theoretical value is calculated by the following equation which assumes an air-gap is between the optical fiber and the waveguide.
Due to the mismatch in indices of refraction between the optical fiber/air (1.4611 .00) and the aidwaveguide ( 1.00/1 S4) interfaces, the reflections result in a loss of transmitted optical power. After the loss attributable to Fresnel reflections is known, the other system losses can be studied. The data points shown on the graphs in Fig. 5(a) -(f) are fitted with least squares linear regression. The slope of the line gives the waveguide attenuation which is the sum of absorption and scattering losses.
The data show waveguide attenuation equal to 0.7, 0.5, and 0.5 dB/cm at wavelengths of 1300, 1O00, and 633 nm, respectively. One possible reason for this higher than expected waveguide loss could be the irregular shape of the waveguides at various points. Each waveguide input facet, however, was similar in shape to the one shown in Fig. 4(a) . The SEM micrograph shown in Fig. 6 reveals an irregularly shaped waveguide after a cutback a few centimeters from the input. By improving the processing of the optical polymer waveguides, the losses should decrease. The encouraging factor shown by these data is the consistently low coupling loss. The y-intercept on each of the six graphs corresponds to the power lost due to coupling between the D-fiber and the optical polymer waveguide. The average coupling loss found, using index matching fluid for all waveguides at the three wavelengths is 0.17 dB with a standard deviation of 0.26 dB. This average is close to the theoretical minimum value of 0.06 dB as calculated from Fresnel reflections [ 151 between "sample in" and "sample out" measurements and is within experimental error. Only 0.14 f 0.37 dB (3.2 f 8.2%) of the power from the D-fiber is not coupled into the optical waveguide for all measurements. The experimental uncertainty in the measurements is one standard deviation about the mean. A histogram showing the couplings of D-fiber to waveguides at wavelengths of 633, 1000, and 1300 nm is shown in Fig. 7 . There are negative coupling loss values since there is a finite distribution about a low coupling loss average. These results show that coupling D-fiber visa-vis optical polymer waveguides with the novel transcision method as outlined is highly efficient.
VII. CONCLUSION
An efficient method to couple D-fibers to optical waveguides is presented. This new coupling method provides support for D-fibers so that permanent couplings can be made. By alignment of a D-fiber using alignment ways in combination with a transcision to make the input of the waveguide more planar and perpendicular to the optical axis, the coupling loss is reduced below 0.2 dB. This technique of coupling D-fibers using alignment ways and the transcision to polymer waveguides, will help isolate factors such as processing methods or materials which may cause lossy waveguides. This novel coupling procedure presents efficient means for coupling optical power from fibers to optical polymer waveguides. The coupling can be temporary or permanent as the alignment ways offer the convenience of holding the D-fiber in position, mechanically. With the alignment ways designed on the chip using the same material as the core layer material and processing them in the same step, the onchip connection is complete and prepared to receive a D-fiber. This method can provide high coupling efficiencies and avoid coupling difficulties produced by butt coupling or multiple optical component coupling techniques. In future work, the transcision coupler design will be incorporated into structures with dimensions suitable for single-mode operation to offer a new method to couple fibers to waveguides efficiently.
